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Abstract: 
 
The ultrasonic welding of Cu110, electrolytic tough pitch copper sheet to 
electroless plated laminate circuit board was experimentally investigated within 
the range of 20 kHz.  The effects of machine parameters; energy, amplitude and 
pressure as well as material characteristics such as surface roughness, gauge, 
temper, and silver and gold plating schemes were compared through pull tests 
and analysis of microstructure.   
Evidence was discovered which attributes plastic deformation, mechanical 
interlocking, and acoustic softening to the mechanism of weld formation.  It was 
further determined that ultrasonic welding of Cu110 sheet to silver immersion 
laminate circuit boards as means of electrical termination is a robust process.  
Therefore it was the goal of this thesis to understand the mechanism of ultrasonic 
welding and determine if ultrasonic welding to laminate circuit boards is an 
alternative to soldering electrical terminations. 
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1.0 Introduction 
 
 
Vicor Corporation of Andover, Massachusetts recently required a 
manufacturing process, which would create a robust electrical termination to 
laminate circuit board without the implementation of excess thermal shock.  The 
degree of thermal shock of the system is constrained by ceramic capacitors, 
which were located in close proximity to the termination.  To insure reliability 
these capacitors could not be exposed to more than 4° C/sec thermal shock.  In 
addition the terminations needed to withstand continuing operations such as 
fountain solder and encapsulation.  The thermal specifications of the capacitors 
and the ability of the connection to survive a fountain solder operation fueled the 
need for an alternative method to solder attachment.   Investigation and research 
was completed with various solder alloys and soldering techniques such as hot 
bar, gap electrode soldering and laser soldering.  Also included in this research 
was the use Ultrasonic Welding, (USW).   The electrical termination is labeled #7 
in figure 1.  This .008” strip of Cu110 is part of a electrical transformer.  The strip 
is wound around one half of the magnetic core of the transformer and terminated 
to the topside of the printed circuit board (PCB). See figure 1. 
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Figure 1:  Populated Circuit Board; Courtesy of Vicor Corp. 
 
2.0 Literature Review 
 
The literature review has been divided into four sections.  First the history 
of an ultrasonic welding will be presented.  Following this the components of an 
ultrasonic welder will be discussed in detail.  The third section will present what is 
current knowledge regarding the mechanisms of ultrasonic weld creation.  Lastly 
the basic construction of a laminate circuit board will be explored. 
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2.1 History 
 
The use of ultrasonics in some form may be found in nearly every industry 
today whether it be high powered applications such as Ultrasonic welding or low 
powered applications such as imaging, non-destructive testing and cleaning. 
(LynnWorth 71) Ultrasonic pertains to acoustic frequencies above the audible 
range of the human ear, which is approximately 20,000 cycles per second. 
Ultrasonic Welding (USW) may be comparable to other attachment processes 
that involve fusion through such methods of application of heat via flame or hot 
tool, electrical current, electrical arc or adhesives. (Shoh 60) Many of these 
processes involve surface preparation and processes additives such as fluxing 
agents and filler materials. Ultrasonic welding has existed since the early 1950’s.  
However, the first patent regarding an ultrasonic welding machine was not 
granted until the 1960’s because it was not believed by the “patent supervisor” 
that there existed a machine that could make a metallurgical bond without the 
use of heat or filler materials.  Early machines where, inefficient, expensive and 
quite large, while today’s machines are much more efficient and are compact 
enough to fit on a tabletop. (Devine, Metals Handbook 325)    This increase in 
efficiency may be manly contributed to a change in the methods of creating 
ultrasonic vibrations.  Early converters transformed electrical energy to 
mechanical vibrations with the use of ferromagnetic materials.   A current was 
induced in this magnetostrictive material, which created a periodic alternating 
magnetic field, therefore causing a dimensional change in the material.  Today 
however, ultrasonic welders produced oscillations through piezoelectric 
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ceramics.   Re-alignment of dipoles inside the elementary cells of the 
piezoelectric ceramic causes an incremental change in volume.  This alteration of 
dipoles is the actuation that changes electrical energy to mechanical vibrations 
(Shoh 60) 
   By the 1970’s there was a push for experimentation regarding USW in the field 
of microelectronics.   Much information is found in the wirebond industry.  
Although the information collected by the microelectronics industry is useful, due 
to the difference in machine frequencies it may not be a direct application to the 
termination of the component discussed in this thesis.  The microelectronics 
industry generally performs wire bonds onto 25-33µm wire with 60 kHz 
machines. (Harman 12) The .008” gauge, .75” x .375 copper strips in this 
application are much larger components than those welded in the 
microelectronics industry and therefore require a 20 kHz machine.  Generally the 
higher frequency produces smaller amplitudes and therefore the work pieces that 
may be welded are smaller. The automotive industry commonly uses USW for 
wire splicing with machines capable of 20 kHz or 40 kHz frequencies. (Joshi 845)  
The largest automotive application is wire splicing. (Devine, Handbook vol.6) 
Information discovered by the wire bonding industry will be further discussed in 
section 2.3.   
 
2.2 Overview of an Ultrasonic Welder 
 
Ultrasonic energy comes from the conversion of high frequency electrical 
energy to high frequency mechanical energy.  Electrical energy passes through a 
power supply, which adjusts the electrical energy to the desired frequency.  This 
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energy then enters a transducer, which converts the electrical energy to high 
frequency mechanical energy or vibrations. Through its geometric shape the 
mechanical vibrations leaving the transducer are stabilized to the desired range 
of amplifications. The amplified mechanical waves travel from the booster down a 
horn that translates the vibrations to a work piece.  In addition to translating 
horizontal vibrations the horn applies a clamping force between the two work 
pieces.   Located on the end of the horn and on the mating anvil is matching 
knurling patterns.  See figures 3 & 4.   Their purpose is to help prevent unwanted 
slipping of the work pieces.  The bottom work piece is held stationary, while the 
top work piece is oscillated against it by the horn. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:  Schematic of Ultrasonic Welder; Courtesy of American Technology Inc 
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Figure 3: Principal Components of a Welder; Courtesy of Staplautrasonics INC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Knurling Pattern; Courtesy of Staplautrasonics INC 
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2.3 Metallurgy 
 
The mechanism for creation of an ultrasonic weld is not yet fully 
understood.  The creation of a weld may simply be described as a process that 
brings mating surfaces intimately close so that atomic attraction and bonding 
may take place.  This is accomplished by ultrasonic interfacial motion, which 
clears away surface oxides, dirt and other contaminants leaving clean intimate 
surfaces. (Peterson 3)   This is portrayed in figures 5 & 6. 
 
 
 
 
 
 
 
Figure 5: Weld Zone before Ultrasonic Energy is supplied 
Courtesy of American Technology Inc. 
 
 
 
 
 
 
 
 
Figure 6:  Weld zone after weld is created; Courtesy of Technology Inc. 
  
8 
 
The field of microelectronics has offered localized melting, mechanical 
interlocking and acoustic softening, diffusion as possible mechanisms for 
ultrasonic weld formation.  (Joshi 840)   
Joshi performed a series of tests to quantify temperature rise to determine 
if localized melting was occurring during weld formation.  He discovered that 
interfacial temperature readings were less than 70°C.  Temperature was 
measured by welding wires of Al, Cu and Au to flattened thermal couple beads.  
The copper-constanton thermal couple beads were flattened by grinding, platted 
with gold and embedded in epoxy to maintain rigidity before being welded.  The 
results from this testing prompted Joshi to concluded that localized melting does 
not occur during ultrasonic welding of wire bonds.  It was further concluded that 
interdiffusion at dissimilar bond interfaces does not occur (Joshi 843) Joshi’s 
results agree with studies completed by James Krzanowski.  Krzanowski used 
transmission electron microscopy (TEM) to examine ultrasonic bonding of 
aluminum wire to various metal substrates.  (Krzanowski 176)  EDXS profiles of 
bond interface of Al wire to aluminum foil coated with copper showed no 
indication of copper diffusing into the aluminum.  IN these experiments .075mm 
wire was bonded to, 04mm foil coated with 100nm of copper by vacuum 
evaporation.  The weld parameters were 115gr force; 60 ms weld time, and .80w 
power.   
Through analysis of microstructure, both Joshi and Krzanowski, portray 
plastic deformation occurring during weld formation.  Joshi describes softer 
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metals flowing around harder members (844), and similarly Krzanowski 
describes;  “substantial amount of deformation occurred to accommodate debris 
and particles into the bond”.  (177) This deformation is not only seen within the 
microstructure of the weld zones but also at the interface of  the mating 
materials. (Harman 18)  A series of wire bonds display this deformation in figures 
7-10.  The patterns of incremental deformation portrayed in these figures were 
produced by ceasing the weld cycles at various times prior to completion of a 
weld.  The time required to fully bond the .25µm Al 1% Si wire to Al bonding pads 
is 50 ms.  Figure 11 portrays a wire which was fully bonded and then partially 
torn from the bonding pad.  The lack of bonding is evident in the center of the 
wire.  This is the area where most of the oxides and contaminants are forced.  
(Devine, ASM vol.6) 
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Figure 7:  Al wire bond lift off pattern @ 0-ms weld time (Harman 18) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Al wire bond lift off pattern @ 4-ms weld time (Harman 18)
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Figure 9: Al wire bond lift off pattern @ 7-ms weld time (Harman 18) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Al wire bond lift off pattern @ 10-ms weld time (Harman 18)
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Figure 11: Foot print of wire bond during pull test.  (Harman 19) 
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Acoustic softening during weld formation is described as structural softening 
as a “direct consequence of ultrasonic excitation” (Joshi 845) Joshi observed 
indications of material softening through the massive flow of material away from 
the interface during bond formation. (845) Further, studies involving re-excitation 
of bonded wire show the bond interface can be softened “to the state that existed 
just prior to the setting of the bond” (Joshi 846).  Joshi displayed this by placing 
strain gauges and transducers at the tip of the welder during initial and re-
excitation of wire bonds.  It was discovered that the dynamic response of re-
excited bonds was the same as initial bonding.  Krzanowski supports Joshi’s 
experimentation by stating  “if dynamic recovery occurs during bonding (due to 
application of ultrasonic energy), the additional deformation requires no more 
force than the starting deformation. (179) Krzanowski’s observations of weld 
microstructure further support Joshi by noting observations of weld 
microstructure having the appearance of heavy deformation followed by a 
recovery or partial re-crystallization.  
Although acoustic softening is not fully understood, the actuation of 
dislocations through application of ultrasonics has been thoroughly explored by 
Bertwin Langenecker.  In 1966 Langenecker completed studies on the effects of 
ultrasonic stress on the physical properties of metals.  He stated that metals may 
be brought to a level of zero stress immediately when a metal is subjected to 
ultrasonic irradiation, “thus if one applies ultrasonic intermittently during a tensile 
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test, the static stress will drop abruptly whenever the ultrasound is switched on.”   
One test was performed with Al single crystals to quantify the effects of 
ultrasonics.  He compared the differences between stress vs. elongation of the Al 
crystals with the application of 20 kHz of ultrasonic energy to elongations of 
equal value with temperature.  These results revel that the ultrasonic energy 
density required to produce deformation in Al was roughly 107 times less than 
thermal energy.   Langenecker offered to explain difference in energies as 
“preferred absorption of acoustic energy at dislocations”.    It was assumed that 
energy is absorbed only at regions such as dislocations and grain boundaries.  
Heat is seemingly less efficient by being distributed homogeneously among all 
the atoms. (Langenecker 2)  See table 1.  
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Table 1:  Stress vs Elongation for Al single crystals (Langenecker 2) 
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Such processes as galling, solid state welding, and friction welding may all have 
similarities to ultrasonic welding regarding the mechanism of material transfer.  A 
comparison of experimental results to existing studies and to the processes 
mentioned above is discussed is section 6.4. 
 
 
2.4 Laminate Circuit Boards 
 
In order to explore the possibilities of welding to electroless plated laminate 
circuit boards, the construction and fabrication of these PCB’s must be 
understood.  Laminate circuit boards are composed of the following components:  
A conductive material, a non-conductive (dielectric) resin material and a 
reinforcing material.  See figure 12. 
 
 
 
 
 
 
 
 
 
 
 
Figure 12:  Composition of laminate circuit board; Courtesy of Merix Corp. 
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Layers of resin and reinforcing material are sandwiched together with the 
conductive metal (typically copper).  The top layer of copper is masked and 
etched so that only the desired circuitry is remaining on the board.  The greatest 
strength, density, and dimensional stability are produced by the combination of 
resins and quartz glass.  Two common resin to glass ratios are 40 to 60 and 70 
to 30.  There is multiple chemical variations of resins available. Two common 
resins are polyimides and epoxies. Polyimides having a Tg between 260°C and 
270°C obtain the greatest rigidity and tolerance. The highest Tg of epoxy is 
between the ranges of 120°C and 180°C.  Higher the Tg means greater stability 
because during the curing of a PCB the resin polymerizes and becomes cross-
linked.  A PCB becomes increasingly brittle as they are heated.   
Copper may be processed onto the circuit board in the following three ways, 
electrolytic, electroless and clad.   To help prevent oxidation on the surface of the 
boards, typically they are finished with ~. 0005” of immersion silver or immersion 
gold.  In the case of immersion gold, a boundary layer such as nickel must be 
placed between the copper and the gold.  Without this boundary layer the copper 
with diffuse through the gold layer and will form an oxide layer.    Figures 13 and 
14 portray two circuit board constructions.  Figure 13 has vias, which are plated 
through holes, which connect outer conductive layers to inner conductive layer.  
The purpose of vias is generally to assist solder attachment methods and heat 
flow.  The vias are labeled #1 in figure 13.    Figure 14 portrays the cross-section 
of a board without vias. 
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Figure 13:  Cross-section of laminate Circuit Board with vias 
 
 
 
 
 
 
 
 
 
 
Figure 14:  Cross-section of laminate circuit board without vias 
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3.0 Experimental Design 
 
3.1 Methods 
 
The complex parameters evolved in USW were first analyzed through axiomatic 
design techniques. (Suh 20-80) Using the process variables detailed from 
axiomatic design a test matrix was established that best displayed the effects of 
each parameter.  With completion of the welds pull strength was measured to 
quantify the quality of each weld.  The maximum pull strength and maximum 
power levels were recorded for each specimen.  Cross-sections were only 
completed on those parameters, which desired explanation of results.  
  The integrity of the components USW to the PCB was tested by exposure 
to thermal shock, HALT testing and pull tests.  These results were compared to 
that of the same component hand soldered to the PCB using Sn63Pb37. 
 
3.2 System Analysis 
 
Before beginning the axiomatic exploration of USW a force analysis was 
completed on the system.  The parameters of the axiomatic matrix will be tied too 
one another through the force analysis.  
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Figure 15:  Force Analysis of Welder 
 
       Work = Ff*A             (1.0) 
Force friction = FN*µ             (2.0) 
            FN = (Horn pressure)*(contact surface area)            (3.0) 
     
Work (or energy) is dependent upon the force of friction and interfacial 
movement or amplitude.  Eq.1 represents work.  The amplitude of the machine is 
not necessarily the amplitude that is translated to the work pieces.  The force of 
friction is dependent upon the normal force, and the coefficient of friction. See 
Eq.2.    Eq.3 calculates the force that is actually applied between the mating work 
pieces.  The co-efficient of friction is dependent upon material characteristics and 
machine parameters.  The relation of these equations will be further discussed in 
section 3.3. 
 
 
Ff 
FN 
Amplitude 
Horn 
Anvil 
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3.3 Axiomatic Design 
 
Through Axiomatic design it was determined that the following parameters 
were to be tested.  It was assumed that the best weld was made when the 
greatest amount of scrubbing action was produced.  See tables 2 &3.  The 
functional requirements and design parameters will be first given in tables 2 & 3.  
The explanation of their relation will follow. 
• Amplitude                             
• Surface Finish          
• Knurling of Horn and Anvil              
• Plating Scheme        
• Dampers                  
• Board Construction   
• Resin    
• Energy        
• Pressure        
• Gauge                           
• Temper     
 
 
 
 
 
 
 
 
 
 
 
 
Anvil 
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Table 2:Functional Requirements of USW 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3: Design Parameters of USW 
 
 
System Constraints: 
1.  Maintain electrical functionality 
2.  May not damage adjacent components (mechanically, thermally, ESD) 
3.  Must survive continuing operations such as fountain solder and encapsulation. 
4.  Must not diminish integrity of the circuit board 
5.  Must not add contaminants to the PCB 
Functional Requirements of USW 
 
FR1:  Hold Bottom work-piece  
FR11:  Hold Board Stationary 
 FR12:  Buffer components 
 FR13:  Align the PCB 
 
FR2:  Disperse Oxides and surface contaminants 
FR21:  Compress mating surfaces  
     FR22:   Grip top work piece 
      FR23:  Oscillate top work piece 
      FR24:  Adjust for varying amounts of oxides and contaminants 
Design Parameters of USW (satisfy functional requirements) 
 
DP1:  Anvil 
DP11:  Supports   
 DP12:  Vibration dampers for surface mount components 
 DP13:  Pins 
DP2:  Horn 
DP21:   Pressure setting  
DP22:   Knurling Pattern 
 DP23:   Amplitude 
 DP24:   Energy Setting 
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The matrix below is the relation between the Functional Requirements (FR’s) of 
the process and the Design parameters (DP’s).   Matrix A characterizes the 
relationship between the functional requirements and the design parameters of 
the matrix.  A zero in matrix states that the design corresponding design 
parameter has no effect on the functional requirement.   A value An represents 
some degree of influence.  (Suh Ch1-3) 
Below is the design matrix for the tool.  There are two major components of an 
USW are the horn and the anvil.  The two function requirements of the tool 
design correspond to the horn and anvil. The tool design is a decoupled matrix 
 
 




=


2
1
2221
011
2
1
DP
DP
x
AA
A
FR
FR
               (4.0) 
 
    FR1 = A11DP1                                   (4.1) 
The first functional requirement is to hold the bottom work piece.  This is the 
function of the anvil.  This Functional requirement is broken into 2 levels of 
hierarchy to assure the system constraints are satisfied.    
FR2 = A21DP1 + A22DP2                       (4.2) 
The second functional requirement, disperse oxides and contaminants, is the job 
of the horn.  Because the scrubbing action produced by the horn is also 
dependent on the how well the anvil secures the work piece FR2 is dependent on 
both DP1 and DP2.  Making this process a decoupled design.  This functional 
requirement is broken into 2 levels of hierarchy to assure the system constraints 
are satisfied. 
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     FR11 = A11DP11            (5.1) 
 
FR11 (hold the board stationary) this will be accomplished by a support in the 
anvil.  This support must uphold the weld area of the PCB from beneath.  Both 
axially and parallel to the scrubbing action of the horn. It will offer support form 
the horn plus grip the PCB.  It may not grip the PCB too much or damage will be 
done the PCB, violating constraint #6.   
 
   FR12 = A21DP12                                                                                         (5.2) 
FR12 (buffer the components) this will be accomplished by vibration dampers on 
the anvil.  These rubber dampeners will protect the components from any 
vibrations against the steel anvil.  This functional requirement satisfies system 
constraint #3. 
 
   FR13 = A31DP13                                                             (5.3) 
FR13 (Align PCB) The PCB will be aligned in the anvil will locator pins.  This will 
assure that the board in the anvil at the correct orientation.  A miss placed PCB 
could cause damage to the horn and the product. 
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   FR21 = A12DP21                                                             (6.1) 
FR21 (Compress mating surfaces) This will be completed by the pressure setting 
on the welder.  The horn will compress the termination to the pad on the PCB.  
The normal force supplied by the horn may be simply be set on the display of the 
welder.   
FR22 = A21DP21 + A22DP22       (6.2) 
FR22  (Grip top work piece) The work piece or termination is griped by the 
knurling of the horn.  The size of the knurling must be balanced between, wear, 
size and aggressiveness, and pressure. For example a very aggressive knurl 
may not need as much pressure as a fine dull knurl.  However, a too aggressive 
knurl may damage the work piece or wear too quickly. 
FR23 = A31DP21 + A32DP22 + A33DP23     (6.3) 
FR23 (Oscillate the top work piece) This is accomplished by the amplitude setting 
of the horn.  The amplitude is the measurement of the horizontal travel of the 
horn.  Although the amplitude setting of the welder is not influenced by the 
pressure or the knurling of the horn the actual amplitude seen by the mating 
termination and PCB is influenced.  Amplitude may be “lost” due to insufficient 
pressure of knurling pattern.  
 
FR24 = A41DP21 +A42DP22 + A43DP23 +A44DP24    (6.4) 
FR24  (Adjust for varying amounts of oxides and contaminants) This is 
accomplished by the energy setting. Energy may be viewed as the work amount 
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of work need to keep the horn at moving at the desired amplitude.  Because 
surface oxides and contaminants make mating surfaces “slippery” it may be 
conceived that the same amount of energy may be needed to weld the same 
components with varying amount of cleanliness.  ( Meyer) If a part is clean a 
greater amount of instantaneous energy will be needed to move the horn than a 
dirty part.  The dirty part however will require less instantaneous energy.  
Therefore for the same amount of energy to be reached a dirty part will have a 
longer weld cycle than a clean part. This may be illustrated by the energy curves 
plotted for various welds.  First however, will examine the energy equation, 
established in section 3.2. 
  E= Ff*A             (1.0) 
Ff = FN*µ           (2.0) 
It may be seen here that energy is dependent on the normal force (DP21), 
the friction of the mating surfaces (DP22), and the amplitude (DP23).  The normal 
force is directly related to the Energy equation. µ is not directly related.  The 
knurling pattern on the horn will make an impression through thin work pieces 
such as the soft copper terminations in this case.  This impression will show 
through to the mating PCB and have an effect on the friction force.  The total 
frictional force therefore will be dependent on the amount of oxides, normal force, 
knurling pattern, and lubricity of mating materials.  
The amount of energy needed to create a weld as related to the amplitude, 
knurling pattern, normal force and cleanliness of components is displayed by the 
energy curves.   Because the welder does not know what µ is it may not calculate 
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energy directly.  It must calculate energy indirectly through power.  The welder 
records the amount of power required to keep the horn in motion at he desired 
settings.  This power is the power given to the dipoles of the piezoelectric 
ceramics.  Power over time the area under the curve represents the energy 
required.  The welder will continue to weld until the energy setting has been 
reached. 
It is apparent from then design matrix produced through axiomatic design 
that the process of USW is a coupled design.  There is no solution to separating 
the effects of amplitude, force and energy as Eq.1 and Eq.2 coupled 
mathematically. 
 
3.4 Test Matrices 
 
 
Due to availability of test materials the eleven test parameters desired to be 
tested were broken up into two matrices.  Due to the electroless plating on the 
circuit boards it proved difficult to receive boards with variations in gauge, temper 
and surface finish.  For this reason these parameters were tested with Cu110 
copper stock.  The work pieces will be .75” by .375” and will have a .125” hole 
placed at one end.  This hole will aid in fixturing the specimens in the anvil and 
will also later be used in pull tests.  As for the knurling it would thought that the 
effect would more greatly be seen on the copper to copper specimens since 
there will be know matching bottom knurling when welding to circuit board.  The 
test matrices are portrayed in tables 4 & 5. 
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Table 4:  Copper-to-Copper Test Matrix 
 
 
                    
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5:  Component-to-PCB Test Matrix 
 
The numbers followed by each Control and test parameter are represented each parameter 
change in the copper-to-copper an component-to-copper test matrices.  See figures 6 &7. 
 
 
                  COMPONENT-TO-PCB TEST MATRIX 
 
Control Parameters 
 
Amplitude (1,2,3)                        (50,60,70) µ m 
Energy (1,2,3)                              (75,125,175) Joules 
Pressure (1,2,3)                            (8,16,24) psi 
 
Test Parameters 
 
Plating Scheme (1,2)                   (Ag, Au) 
Dampers (1,2)                        (No Dampers, Dampers) 
Board Construction (1,2)     (No Vias, Vias) 
Resin (1,2)       (FR408 epoxy, FR406 epoxy) 
 
*[Control Parameters] x [Test Parameters] = 432 samples 3x 
 COPPER-TO-COPPER TEST MATRIX 
 
Control Parameters 
 
Amplitude (1,2,3)                      (40, 50, 60, 70) µ m 
Energy (1,2,3)                 (40, 50, 60) Joules 
Pressure (1,2,3)                (20, 35,50) psi 
 
Test Parameters 
 
Gauge (1,2)                                (0.008”, 0.0012”) 
Temper (1,2)                              (full anneal, 1/2 hard) 
Surface Finish (1,2,3,4)             (Ra=4 µm, cleaned, Ra=48µm) 
Knurling (1,2)                            (7x15x45, 5x10x45) 
 
*[Control Parameters] x [Test Parameters] = 864 samples 3x 
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Table 6: Copper-to Copper Test Matrix 
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Table 6b:  Copper-to Copper Test Matrix 
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Table 7:  Component-to PCB Test Matrix 
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The first test matrix was completed on the copper stock. Force Amplitude and 
Energy were considered control parameters in experimentation.  They were 
easily changed using the control panel of the USW.  Gauge temper, knurling and 
surface finish were considered the test parameters.  A Ra value of 48 µm was 
obtained by use of use of a 120 grit-polishing wheel.  Copper stock and 
components were both received with surface finish of Ra 4µm.  Cleaned copper 
samples were washed with 50% HCl 50% H20 solution and then rinsed with 
isopropyl and re-rinsed with H20.  Washing was performed within minutes of 
weld. The horn used in this experimentation had an area of .015625 sq inches 
Similar to the first test matrix, Amplitude, Pressure and Energy were chosen 
as the control parameters.  However, test parameters included Gold and silver 
platting schemes, resin composition, board construction and damping of 
resonance. Changing laminate composition and adding vias were both 
reinforcement mechanisms that surfaced when the USW process was analyzed 
using axiomatic design principles.  Both of these design parameters aim to 
satisfy the function requirement 1; “hold bottom work piece stationary”.  The 
Addition of Dampers also surfaced during evaluation of the process to satisfy 
constraints number 4. (May not damage adjacent components).  Damage to the 
work pieces due to resonance is a concern with ultrasonic welding.  The horn 
used in this experimentation offered a knurled pattern that was .03125 square 
inches in size. 
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4.0 Experimental Procedures 
 
4.1 Equipment 
 
The machine to be used in these experiments is an Amtech Ultraweld-20 N5A.  
The welder is capable of the following parameters 
Pressure: 8-80 psi 
Amplitude: 18-72µm 
Energy: 5000 J 
Time: 5 seconds 
Power: 1000 W 
Knurling: 7x15x45 – 5x12x45  (Depth x Width x Angle; thousands of an inch & degrees) 
 
4.2 Test Set-Up 
 
Welding was completed on two different anvils and horn sizes.  Figure 16 
displays the anvil used for welding copper test specimens.  The pin and cut out in 
the anvil allowed for consistent alignment of the specimens.  The bottom-knurling 
pattern in the anvil matched that of the horn.  Figure 18 & 19 display the set-up 
used for welding the circuit boards.  Unlike the copper work pieces there was not 
matching knurling used on the anvil designed for the circuit board.  Knurling was 
omitted because it would damage the underside of the board.  Clamps located on 
the side of the anvil allowed for the circuit board to be held securely, and may be 
seen Labeled #1 in figure 18.  The damper mechanism, labeled #1 may be seen 
in figure 19.  This allowed for control of resonance within the circuit board during 
the weld cycle. 
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Figure 16:  Machine Setup for copper-to-copper experimentation 
 
 
 
 
 
 
 
 
 
 
Figure 17:  Welded copper-to-copper test specimen 
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Figure 18:  Machine Setup for component to PCB experimentation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19:  Component-to-PCB test specimen w/damper 
 
1 
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4.3 Pull Test Set-up 
 
Pull Tests were completed with a chatillon using a 100-lb load cell.  The 
copper blanks were pull tested by fitting holes in copper test blanks over pins off 
pull test fixture.  The component to circuit board pull tests were completed by 
securing circuit board closet to the component as possible and gripping the 
component with a vise like fixture. See photos below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20: Copper-to-copper pull test 
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Figure 21: Component-to-PCB pull test 
 
5.0 Experimental Results 
 
Pull test data for the copper-to-copper and component-to-PCB test specimens 
are displayed in table 16.  Notice that the pull test data for the copper-to-copper 
has been rearranged according to pull strength by moving columns and rows of 
the matrix to display a uniform distribution of pull test data.  The power data was 
then arranged to match the parameters of the pull test data.   
 Unlike the test data for the copper-to-copper specimens the component–
to-PCB test data was unable to be arranged into a uniform distribution due to the 
seemingly inconsistencies in the data.  Rather than re-arranging the rows and 
columns the average pull strength of each test parameter was calculated and 
plotted.  Discussion of the data presented in tables 8-11 will be discussed in 
detail in section 6.  
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Table 8: Copper-to-Copper Pull Test Results 
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Table 9:Copper-to-Copper Power Results 
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Table 10:  Component-to-PCB Pull Test Results 
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Table 11:  Component-to-PCB Power Results 
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5.5 Microstructural Analysis 
 
In this section the microstructure of welds of various parameters are 
presented and compared.  The mechanism of weld formation will be discussed in 
section 6.0  
Samples were cross-section both parallel and perpendicular to the direction of 
the horn’s oscillation. All optical samples were etched with a solution prepared 
from 5 grams FeCl3, 10ml HCl, 50ml glycerin and 30 ml H20.   All SEM photos 
were prepared by carbon coating.  Visual SEM work was done on a JOEL 840.  
EDS work was completed on an AMRRAY 1645. 
 
 
5.5.1 Copper-to-Copper 
 
This section portrays the microstructure of fully annealed and ½ hard copper 
cross-section both perpendicular and parallel to the direction of oscillation.  
Figure 21 shows the microstructure of the fully annealed copper used in 
copper-to-copper and copper-to-PCB experimentation.  Figure 22 portrays the 
microstructure of ½ hard copper only used in copper-to-copper experimentation.  
Notice the grain size of the fully annealed copper is slightly larger ad more 
equiaxed. This elongation is from the rolling during fabrication of the copper 
sheet stock.  ½ hard copper represents Cu110 that has been re-crystallized 50% 
after fabrication.  ½ hard copper the hardness and tensile properties between 
fully annealed and wrought copper.  The vender annealed the Cu110 between 
400-550°C. 
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Figure 22: Optical Micrograph portraying Microstructure of fully annealed Cu110 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23: Optical micrograph portraying Microstructure of ½ hard Cu110 
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The photomicrographs below are of welded copper test specimens that have 
been cross-sectioned perpendicular to the direction of the oscillating horn.  The 
knurling patterns from both the horn labeled #1and the anvil #2 are visible.  This 
sample was from fully annealed .008” copper.   
 
 
 
 
 
 
 
 
 
 
Figure 24:  Copper-to-Copper Specimens; Full anneal, No etch 
 
A closer look at the above sample revels the typical structure seen from a cross-
section of a copper-to copper weld perpendicular to the direction of scrubbing.   
For any set of control or test parameters a large variation in weld is found.  
Figures 24 & 25 illustrate this variation.  Both of these photomicrographs were 
taken from the same cross-section of a fully annealed copper-to-copper sample 
welded at 35 µm, 50 J, and 50 psi.        
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Figure 25:  Weld zone of fully annealed copper.  50 Joules, 50 psi, 35 µm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26:  Weld zone of fully annealed copper, 50 joules, 50 psi, 35µm 
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Figure 27 & 32 portray a weld made with fully annealed .008” copper at 50 
Joules, 50 psi, and 50µm.   All of these sections were taken perpendicular 
interfacial scrubbing.  Appearance of re-crystallized grains, debris and voids are 
noticeable.   
 
 
 
 
 
 
 
 
 
 
 
Figure 27: Optical micrograph of Fully annealed copper, 50Joules, 50psi, 50 µm; cross-
sectioned perpendicular to scrubbing.  Label 1:  weld zone.
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Figure 28:  Optical Micrograph of Left side of weld portrayed in figure 26.  Label 1: 
beginning of weld 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29:  Optical Micrograph of Center of weld portray in figure 26.                               
Label 1: Re-crystallized grain
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Figure 30: Optical micrograph of Right side of weld; portrayed in figure 26.                   
Label 1: End of weld zone. 
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Figure 31:  SEM micrograph of weld portrayed in figure 26.  Label 1:  End of weld zone. 
Label 2:  Re-crystallized grains 
 
 
 
 
 
 
 
 
 
 
Figure 32:  SEM micrograph of weld portrayed in figure 26.  
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There was no apparent visual difference between ½ hard and full anneals weld 
zones.  Figures 33-36 portray a comparison of ½ hard vs. fully annealed copper. 
These sections were prepared from welded samples that had.  These samples 
were welded at 70µm of amplitude, 60 Joules and 50 psi. The average pull and 
power test values for the ½ hard and fully annealed samples were 7.2 lbs / 500 
Watts and 13.5 lbs / 555 Watts respectively. Due to the large variety of welds 
sizes found at every parameter setting it was difficult to determine an average 
size for each parameter setting.  However, it does appear not only grow wider but 
also deeper into the parent materials as the welds energy is increased.  Welds 
will continue to grow, forming the shape of a ball.  If excess energy is increased 
the circular shaped welds will shear.  Figure 37 displays a weld beginning to 
shear.  Figure 57 portrays a completely sheared weld.   Figures 37-40 portray ½ 
hard copper 
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Figure 33:  SEM micrograph of ½ hard copper. Sectioned Perpendicular to oscillation 
 
 
 
 
 
 
 
 
 
 
Figure 34:  SEM micrograph of figure 32. Label 1: Void 
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Figure 35: SEM micrograph of fully annealed copper; Sectioned perpendicular to 
oscillation.  Label 1 beginning of weld zone. Label 2 end of weld zone; shearing has begun 
due to excess energy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 36:  Fully annealed copper. Label 1: Beginning of weld zone. 
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Figures 37-39 portray ½ hard and fully annealed copper welds section parallel to 
the direction of oscillation.  Welds were made at 50µm, 60 J, and 35 psi with 
.008” copper with Ra 48 µm.   The fully annealed copper had a pull strength of 
15.2 psi, while the ½ hard copper had a pull strength of 7.5 psi.    
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Figure 37:  Fully annealed copper cross-sectioned parallel to oscillation. Label 1: Cracking 
due to excess weld energy. Label 2: Evidence of circular flow of material during formation.  
Label 3:  Void 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 38:  SEM micrograph of weld in figure 36.  Portrays evidence of circular flow of 
material at location labeled 2 in figure 37.
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Figure 39:  SEM micrograph of ½ hard copper sectioned parallel to oscillation.  Label 1: 
Evidence of circular flow during weld formation. 
 
 
 
 
 
 
 
 
 
 
 
Figure 40:  SEM micrograph of weld at location label 1 in figure 39.
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5.5.2 Component-to-PCB (Ag) 
 
Below the characteristic weld created from a component-to-PCB interaction.  
Figure 25 displays a weld in perpendicular to the scrubbing action of the horn.  
Figure 27 displays the cross-sections parallel to oscillation from the same 
sample. 
 
 
 
 
 
 
 
 
 
 
Figure 41:  Component-to-Silver immersion finished PCB sectioned perpendicular to weld
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Figure 42:Optical micrograph of component-to-Silver Immersion PCB.  Label 1: welded 
component.  Label 2: electroless copper on plated to PCB 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 43:  Optical Micrograph of Component-to-Silver Immersion PCB.  Label1: 
Component. Label 2:  Plated copper. 
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Figure 44: SEM micrograph of figure 42. 
 
 
 
 
 
 
 
 
 
 
Figure 45:SEM micrograph of figure 42. Label 1: Beginning of weld zone. 
 
   
   
   
2 
µ m
 
1 
   
10
 µm
 
  
59 
   
20
 µm
 
 
 
 
 
 
 
 
 
 
 
 
Figure 46: Component- to-Silver Immersion PCB 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 47:  SEM micrograph of Component-to-Silver Immersion PCB. Label 1: Void; Label 
2: Cracking due excess energy to weld; Label 3: Appearance of circular flow of material 
during weld formation.  
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Figure 48: SEM micrograph displaying structure at location 1 in figure 46.   
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5.5.3 Component –to- Au Immersion PCB  
 
The microstructure inside the weld zones of component-to-Au samples appear 
more complex than that found within the circuit boards plated with Ag.  The 
added complexity is due to the nickel boundary layer that separates the gold and 
electrolytic copper.  Like the Ag immersion the 5 micro inches of Au is dispersed 
when the weld is made.  It is undetectable within the microstructure.   However, 
the relatively thick and brittle layer of electrolytic nickel is not so easily dispersed.  
It must be broken and dispersed before a weld is made.    The copper is 
plastically deformed around the fragments of nickel as the weld is formed.  This 
deformation appears to cause mechanical interlocking.  Figures 49 - 54 portray 
the weld zone sectioned perpendicular to the direction of oscillation.  Figures 55-
58 portray weld zones of component-to-Au PCB sectioned parallel to the 
direction of oscillation. 
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Figure 49:  Optical micrograph of Component-to-Au immersion PCB.  Label 1:  
Component; Label 2: Nickel Boundary layer; Label 3: Electroless Cu. 
 
 
 
 
 
 
 
 
 
 
Figure 50:  Optical micrograph of component-to-Au immersion PCB.  Label 1: plastically 
deformed Cu. 
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Figure 51:  SEM micrograph of sample in figure 50 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 52:  SEM micrograph of sample in figure 51 
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Figure 53:  Optical Micrograph of sample in figure 55. Label 1:  Dispersed Ni; Label 2: 
Plastically deformed Cu.  
 
The discolored region labeled 1 in figure 57 was caused during sample 
preparation.  This region was actually burnt by the enchant.  It was very difficult 
to etch a sample with large cracks.  After thorough rinsing enchant would 
continue to seep from the cracks and burnt the sample.  This sample was welded 
at 60 µ, 17 J, and 8 psi.  Shearing of the welds has begun at these settings due 
to excess weld energy. 
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Figure 54:  Optical micrograph of component-to-Au PCB; Parallel to oscillation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 55:  SEM micrograph of sample in figure 54 
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Figure 56:  SEM micrograph portraying deformation at location labeled 1 in figure 55. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 57:  SEM micrograph portraying features located in figure 55 at label 2. Flow of Cu 
around Ni is evident.  This flow has caused mechanical interlocking. 
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5.6 Surfaces 
 
 
The fracture surface of the work pieces was attempted to be analyzed for 
each parameter setting.  However, this was not practical because a most 
parameter settings a large section of the bottom work piece would tear away 
inhibiting efficient examination of the fracture surface.  The areas which were torn 
away were larger than the welds them selves.  Welds were not sheared; this 
indicates that the welds wear harder than the parent materials.  The fracture 
surfaces for pull tests could only be explored at very low energy and amplitude 
settings.  These will be compared to material transfer during galling in section 
6.4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 58:  View of copper work piece after pull test.   Label 1:  Section of bottom work 
piece beneath knurling, which was torn out during pull test. 
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Figure 59:  View of circuit board after pull test. Label 1: Section of circuit board torn during 
pull test.   
 
Not only did the wed zone experience damage but also so did the circuit boards.  
It was discovered that a pressure setting of 24 began to cause damage to the 
circuit board.  Figure 60 portrays damage of this nature.  Excessive weld energy 
settings, which lengthened weld times, pressure and amplitude setting caused 
the PCB to delaminate.  Figure 64 displays damaged caused by excessive 
energy and or amplitude.   
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Figure 60:  Optical micrograph portraying board damage due to excess pressure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 61:  Optical micrograph portraying board damage due to excess energy or 
amplitude 
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5.7 Reliability Testing 
 
 
5.7.1Results Thermal Shock:  
Ten hand soldered test vehicles (control samples) and ten ultrasonically 
welded test vehicles (test samples) were placed in thermal shock for a total of 
600 cycles.  Test vehicles were modules electrically design and built for product 
testing.  Modules were electrically tested every 100 shocks. There were no 
failures due to the welded component.  Results of this test are located in 
Appendix C 
 
5.7.2 Results from Halt Testing 
 
Testing was carried out using “ test vehicles”.  A kit of 24 test vehicles was built 
including twelve soldered (control samples) and twelve USW (Test samples). All 
modules were welded at 70µ, 75 J, and 8 psi, to Ag immersion circuit boards with 
vias.  All control modules were hand soldered using Sn63Pb37 solder. The 
results from the HALT testing showed little discrepancy between the test and 
control modules.  All 24-test vehicles passed the thermal Step Stress Test and 
Rapid Thermal Stress Vibration Step Stress Test, and the Combined 
Environment Test.  The temperature in the tests ranged from –20 C to 130 C.  
Levels of vibration ranged from 0-45 G’s.  See Appendix D for detailed report. 
 
6.0 Discussion 
 
This section includes discussion of the influence of each parameter 
discovered for both the copper-to-copper and component-to-PCB test matrices. 
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The end of this section is comprised of discussion regarding mechanism of weld 
formation. 
 
6.1 Copper-to-Copper 
 
Overall observation of the copper-to-copper matrix reveals that excess scrubbing 
did occur at higher pressure, energy and amplitude settings.  This is displayed by 
the deterioration weld strength to a point of complete destruction or shearing. 
The areas of complete shearing are labeled D on the pull test matrix.  The power 
matrix helped to decipher if shearing was occurring.  Specimens that began to 
shear or sheared completely had maximum power levels that were much higher 
than the power levels of parameters, of other samples at comparable pull 
strengths.  
 
Gauge:  
 
 By examining the matrices it may be seen that the .0012” copper pull strength 
was much less as compared to the .008”.    The maximum power levels of that of 
the .0012” copper is less than that of the .008” copper at the same parameters.  
From this it is insinuated that there is less intimate contact with the thicker gauge.  
Less contact equals less friction and therefore less required power.   
Surface Finish: 
 
As noticed in the matrix samples with Ra 48 µm were not as easily welded as 
those with Ra 4 µm.  They required more pressure and or amplitude and energy.  
It is concluded that the rougher surface did not weld as easily because there was 
less intimate surface contact.  Like the thicker gauge this is supported by 
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examining the power levels of the rough samples as compared to the as received 
copper at the same setting.  Less power means that it was easier for the to work 
pieces to slip past each other…less friction or surface contact.  The rough work 
pieces did reach weld strengths comparative to the highest smooth specimens, 
however they only occurred energy settings (longer weld times).  This does 
agrees with surface finish studies conducted with friction welding of titanium 
alloys.  These studies showed that surface finish did not have an significant 
effect on properties although slightly longer weld times were attributed to 
smoother finishes. This was attributed to different rates of frictional energy 
absorption at initial contact. (Nessler 382)  Friction welding however depends 
upon interfacial melting, which has not thoroughly proven to occur during USW. 
  A benefit may be seen with the cleaned copper samples as compared to 
the copper pieces welded as received.  This was expected.    The dirt and 
surface residues and brittle oxides tend to be lubricous.  A slightly weaker weld is 
made and a lesser maximum power is reached than the cleaned copper pieces. 
This is the general trend that may be seen in the matrices above. 
 
Knurling: 
 
Smaller knurling pattern required higher-pressure amplitude and energy levels to 
create a weld a comparative to the highest values.  This is attributed to the loss 
of scrubbing action with the smaller knurling.  With less aggressive knurling there 
copper pieces would tend to slip more easily.  Knowing that the weld tend to be 
created in a spotted pattern below each knurling.  The more knurling the less 
force is applied at each weld point.  
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Temper: 
 
Fully annealed and ½ hard Cu110 were used for investigating effect of 
temper.  It may be inferred from the matrix that the ½ hard copper samples were 
more difficult to weld.  It may also be noted by the corresponding power matrix 
that the ½ hard copper samples required more power to than the dead soft 
copper pieces at the same parameters.  This may be attributed to two things.  
One being that the ½ hard copper did not conform to the work piece as easily as 
the fully annealed copper.  This however, does not explain the increase in power. 
Nor does it agree with the idea of acoustic softening.  More power would infer 
more friction.  It is then determined that the added difficulty to weld ½ hard 
copper is due to the increased resistance to deformation as compared to the fully 
annealed copper. Pull strengths of ½ hard copper may become comparable to 
those of the fully annealed copper at higher pressure, energy and amplitude 
settings.     
  
6.2 Component-to-PCB   
 
As expected the test results of the Component-to-PCB were much more 
complex than that of the copper-to-copper.  This is due to the multiple 
laminations of the circuit boards and its varying performance at different levels of 
stress.  Because of this complexity the pull strength and power data could not be 
easily rearranged in a matrix to effectively display levels of parameter benefits.  
Here each test parameter was averaged and plotted.  
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Beginning with the largest degree of impact the uncontrollable factors impacted 
the welding process in the following order. 
1. Plating Scheme 2. Board Construction 3. Resin 4. Dampers  
 
Plating: 
It proved to be much more difficult to weld to the Au immersion circuit 
boards than the Ag immersion finished boards.  It was not the Au, which caused 
the difficulty, but rather the 250-300 micro inches of electroless nickel.  This 
nickel wash was deposited on the board as a barrier layer to prevent the copper 
from diffusing through the gold.  When welded the nickel being harder than the 
copper acted as a very thick oxide and was dispersed during weld formation.  
Cross-sections display copper flowing around dispersed pieces of Ni.  The 
excess of this material flow does agree with the idea of acoustic softening.  This 
is discussed in detail in 6.4. 
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Table 12:  Pull Strength values for Silver vs Gold immersion Board Finishes
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Board Construction: 
Vias appear to be a large benefit although at first glance it appears that it is not 
obvious.  Also from the appearance of the surface of the pad it does not seem 
that vias would be a benefit.  They actually take away from the surface area, 
which the component will actually come in contact with.  To fully explore the 
effect of board construction the parameters must be analyzed by breaking 
categorizing them into varying energies and pressures.   
75 Joules @ 8psi: With increasing amplitude pull strength is increased.  This 
displays that more scrubbing action is needed for a stronger bond.  The pull 
strength of samples created with no vias at these settings are less.  This is 
because without the vias the PCB absorbs more of the amplitude or “scrubbing 
action”. 
150 Joules @ 8psi:  With increased energy as compared to settings above 
rather than seeing an increase in pull strength with increasing amplitude a 
decrease in pull strength was recorded.  This decrease was found to be caused 
by welds beginning to shear.  Higher energy setting means a longer duration of 
weld time.  The interfaces in this case are simply scrubbed for an excessive 
amount of time.  Once the welds are made they are destroyed by the continued 
scrubbing action.  In this instance the samples made without the vias will be seen 
in the graph to have higher pull strengths.  This is because without vias the board 
absorb more of the amplitude and therefore less of the formed welds are 
destroyed. No pull strength is seen on the 70 µ inches for no vias because the 
boards were destroyed. 
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200 Joules @ 8 psi:  At this amount of energy both the welds and the PCB 
began to see damage.  A value of zero represented any board that saw damage 
due to excessive scrubbing has decreased the pull strength value of the samples 
without vias to below that of the boards with vias.  Damage was determined 
simply by visual inspection.   
75 Joules @ 12 psi: At these parameters welds were not created at 60 µ inches 
for either the samples with or without vias.  Welds were created in increasing 
strength at 65 and 70 µ inches.   The pull strength of the samples with vias is 
greater than that without vias, again because more energy is lost in the boards 
without vias.  It is concluded that the added pressure limits the amount of 
scrubbing.  The frictional force close to equaling the force necessary to oscillate 
the top laminate layer. 
150 Joules @ 12 psi:  Similar to 75 Joules @ 12 psi weak welds are created 
due to loss of scrubbing at low amplitude. Welds are created at 60 and 65 µ in, 
however, unlike above settings at high amplitude there was some board damage 
noted.  A value of zero appears on the pull strength for 150 J, 12 psi, 70 µ in. 
200 Joules @ 12 psi:  Here scrubbing loss 60 u inches for both vias and no vias.  
Board damage occurred at 65 and 70 µ inches for both board types at these 
parameters so pull strength will not appear on the graph at these parameters. 
75 Joules @ 15 psi:  Here weak pull strength is only found at 65 µ inches.  This 
increase in pressure only caused an even greater loss in scrubbing action.  Vias 
is again stronger than no vias.  Board damage was caused at 75J, 15 psi, and 70 
µ inches. 
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150 Joules @ 15 psi:  Here again the increase in pressure causes a decrease in 
scrubbing action.  And again vias are stronger.  Damage occurred at both 65 and 
70 µ in.   
200 Joules @ 15 psi:  Same as above: 
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Table 13:  Average pull strength data for Boards with Vias vs. Boards without Vias 
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Resin: 
Welds created on circuit boards constructed with FR-406 were always slightly weaker 
as compared to boards with FR-408.  There was no experimental evidence obtained that 
portrayed any reason for the decrease in PCB’s with FR-406.  However, the boards with 
the FR-406 resin were supplied from a different vendor. 
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Table 14:  Average Pull Strength data for boards with FR-408 and FR-406 epoxies
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Dampers: 
 
There were negligible differences between the pull strengths or power 
levels of those tests run with and without dampers.  It is then concluded that 
dampers are effective in limiting the amount of stray energy that reaches 
components adjacent to the weld zone. Visual and electrical testing was 
conducted on nearby component and do damage was found to occur. See table 
15. 
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Table 15:  Average pull strength data for welds created with damper mechanism and 
without damper mechanism. 
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6.3 Summary of Parameters 
 
 
During the weld cycle the ultrasonic welder plots power curve.  It consists 
of instantaneous power (or power required moving the tip of the horn at the set 
amplitude) vs. time.  The area beneath the curve is the energy for which the 
ultrasonic welder was set.  Clean surfaces, Ag immersion boards and boards 
with vias reached a higher peak power and were welded in shorter times (~. 5 
secs).  Dirty or rough surfaces, board with out vias and Au plated boards reached 
lower peak power levels and had longer weld times (~ .9 secs). 
 
 
 
Table 16:  Power Curves displaying comparison of test parameters 
 
Clean  
Vias 
Ag 
Dirty  
No vias 
Au
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6.4 Mechanism for Ultrasonic Welding 
 
The five possible mechanisms for the creation of an ultrasonic weld will be 
discussed in this section.  Each mechanism will be discussed in detailed and 
compared to experimental results.  Experimental results will also be compared to 
such processes as galling, friction welding, and solid-state pressure welding. 
 
 
6.4.1 Atomic Attraction 
 
This is a very elementary explanation of ultrasonic welding.  It simply 
states that materials, which are brought within atomic distances, will be attracted 
to one another.   With the application of pressure and amplitude mating surfaces 
will be scrubbed together, forcing dirt and oxides to “debris zones”, the surfaces 
are then within proximity for atomic attraction to take place.  (Devine Welding, 24) 
This theory does not mention changes within the microstructure of the weld 
zones. Observation of the copper-to-copper welds portrays a more complex 
mechanism of weld creation besides mere atomic attraction.  
 
6.4.2 Cold work 
 
Observation of the copper-to-copper welds does revel signs plastic 
deformation within the weld zones.  There is evidence of massive material flow 
around dispersed pieces of Ni.  Further material flow in a circular pattern is also 
apparent in weld zones cross-section parallel to the direction of scrubbing.  This 
circular flow or rolling of material is portrayed in figure 62.  The welds in 
micrograph 62a were created at 50 µm, 175 J and 8 psi.  The welds in 
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micrograph 62b & 62c were created at 70µm, 75 J and 8 psi.  The weld in 62d 
was made at 60µm, 175 J and 16 psi.  The formation of welds to Au plated circuit 
boards was chosen because the Ni boundary layer helps define the interfacial 
movement. 
 
 
 
 
 
 
 
 
 
 
 
Figure 62: Series of Optical Micrographs illustrating rolling of material at bond interface 
 
This idea of weld formation due to rolling or balling or material at the weld 
interface shows similarities to galling.  Figure 63 illustrates a model created to 
portray interfacial movement during galling. 
 
 
 
 
 
 
 
A B 
C D 
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Figure 63:  Surface interaction during galling (Peterson 9) 
 
Further studies indicated the formation of a “cold worked knot” during the galling 
of softer materials.  (Peterson 10).  Figure 64 displays a knot formed during 
galling.  The front of the knot where material is built up during sliding is called the 
prow.  The knot forms between the sliding surfaces and becomes sheared just 
behind the prow.   
 
 
 
 
 
 
 
Figure 64:  Knot formed during galling (Peterson 6) 
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Evidence of this rolling action coupled with the comparison of welded 
components on PCB with vias compared to PCB without vias suggests that 
interfacial motion continues to take place once throughout the entire weld cycle.  
This however, in contradictory to the series of studies conducted by Martin. (3) 
Martin used a laser interferometer to record the interfacial motion during a weld 
cycle.  Experimentation was completed on a 60 kHz machine welding wire 
bonds.  He discovered that the amplitude of the horn wire and substrate quickly 
reach a constant value through out the welding cycle; however there is no 
interfacial motion. (Joshi 845) See figure 65. This idea of interfacial motion 
ceasing with the removal of oxides appears to be accepted in the field of 
microelectronics (Harman 22).  Martin’s research is not directly applicable to the 
experimentation completed with copper-to-copper welds.  The 60 kHz machines 
used by martin produced amplitude of 4.5 microns (~175 micro inches) at the tip 
of the horn.  The 20 kHz machine used in the copper-to-copper experimentation 
produced amplitude between and 40-72 microns.  This relatively large increase in 
amplitude may translate into interfacial motion throughout the weld cycle. 
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Figure 65: Amplitude at and near wire bond interface during weld cycle (Joshi, 842) 
 
 
Galling, Ultrasonic welding, friction welding and solid state welding all 
have a few commonalities.  The most obvious is the required removal of 
dispersion of oxides for material transition to take place.  Increased weld times 
for ultrasonic welding and friction welding and galling prove the necessity of 
clean surfaces to promote interfacial attraction.  In each of these cases surface 
films are broken through interfacial sliding.  In the case of solid-state pressure 
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welding the surface film is not broken until plastic flow of material has occurred. 
(Mohamed 304).  This may also have been true for bond made to Au plated 
circuit boards.  It appears that copper was always plastically deformed before the 
Ni boundary layer was dispersed.   
Comparison of a galled surface vs. a fracture surface of an ultrasonically 
welded copper does portray some similarities.  Figures 66 and 67 show the 
surface of Fe after galling has taken place. Figures 68 and 69 portray the fracture 
surfaces of ½ hard Cu110 after pull testing.  The weld had a pull strength of 5.2 
and was created at 40µm, 50 J and 50 psi.  Common between galling and 
ultrasonic welding is the shearing of the parent materials occurring before the 
welds.  The sliding motion created during galling has caused material to build up 
in front of the weld or prow.   The deformation surrounding the weld zone in 
figure 68 also prove that the welds harder than the parent material.  The material 
transfer in galling much smaller that during USW. 
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Figure 66: Worn surface of Fe 0.15 wt. 5 Ti pin slid against Cu 40 wt % Ni disk; (Rigney 93) 
 
 
 
 
 
 
 
 
 
 
 
Figure 67: Wear track from figure 68; (Rigney 94) 
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Figure 68:  SEM micrograph portraying surface of copper after pull test. Label 1: 
deformation of parent material due to sliding of weld. 
 
 
 
 
 
 
 
 
 
 
 
Figure 69:  SEM micrograph of copper weld after pull test. 
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6.4.3 Acoustic Softening 
 
As mentioned in section 2.0 studies completed by Langenecker impose 
the idea of acoustic softening taking place during USW.  To explore this topic a 
series of micro hardness measurements were made before and after samples 
were welded.    Microhardness measurements were made on samples welded at 
70µm, 75 J and 8 psi for all component-to-PCB samples.  All copper-to-copper 
samples were welded at 70µm, 40 J, and 20 psi.  The microhardness values 
represented in tables 17-20 are an average of hardness measurements taken 
from 3 welds on ten samples at each parameter. 
It was discovered that hardness of the bulk of the material did not change 
after welds formation for any of the configurations.  The hardness of the 
deformed region beneath the knurling of fully annealed copper was very close to 
the hardness of the center of the weld zone, both of which were nearly twice the 
hardness of the parent material.  This finding does not coincide with the idea of 
acoustic softening.  It would be expected that the center of the weld would be 
closer to the hardness of the parent material if large amounts of re-crystallization 
occurred.  However, microhardness measurements on the ½ hard copper 
samples support the idea of acoustic softening.  The centers of the welds created 
with ½ copper were less than that of the parent material.  This suggests that 
within the weld zones acoustic softening occurred beyond the annealed state of 
the ½ hard copper stock. 
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The center of the welds created with Ag plated circuit boards follows the 
microhardness values of fully annealed copper-to-copper very closely.  Within 
these samples the center of the welds were nearly twice as hard as the parent 
materials. 
The results of the component-to-Au plated PCB show signs of plastic 
deformation.  The harness values of the Ni boundary layer increase after 
dispersion.  The copper within the center of the weld was also much larger than 
the parent materials.  These hardness measurements were also larger as than 
the center of the welds of copper-to-copper and component-to- Ag PCB.  This 
supports the idea copper becoming plastically deformed around the dispersed Ni 
during weld formation. 
Tables 17-20 portray the results of this experimentation. 
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Table 17:  Microhardness tests on fully annealed copper-to-copper welds 
 
 
 
 
1 
2 
* Position 3 & 4 not shown:  Position 3 represents the hardness of the 
deformed area caused by the imprint of the knurling on the horn; Position 
4 represents the hardness of the stock material before the weld cycle 
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Table 18: Microhardness tests on component-to-Au PCB welds 
 
 
* Position 5-8 not shown:  Position 5 represents the hardness of the area 
deformed by the imprint of the knurl; Positions 6-8 represent the stock 
material before the weld cycle 
 
1 
2 
3 
4 
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Table 19: Microhardness tests on component-to-Au PCB welds 
 
 
 
 
* Positions 4-6 not shown:  Position 4 represents the hardness of the area 
deformed by the imprint of the knurl; Positions 5 & 6 represent the stock 
material before the weld cycle 
 
1 
2 
3 
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Table 20:  Microhardness tests on ½ hard copper-to-copper welds 
 
 
 
* Position 3 & 4 not shown:  Position 3 represents the hardness of the 
deformed area caused by the imprint of the knurling on the horn; Position 
4 represents the hardness of the stock material before the weld cycle 
 
1 
2 
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6.4.4 Diffusion 
 
EDS was conducted on a series of component-to-Au PCB weld samples.  Traces 
of Ni were found within the weld zones.  However, these traces were attributed to 
the fine dispersion of Ni within the weld during bond formation.   Re-analysis of 
the weld zone with a smaller window and careful placement within the weld 
reveled no traces of Ni. See appendix B.  Further, the Cu-Ni phase diagram 
portrays no existence of a Cu-Ni intermetallic possibly being formed. This agrees 
with the EDS studies carried out by Joshi and Krzanowski.  Some reading due 
mention inter-diffusion occurring however no solid evidence is presented 
 
6.4.5 Interfacial melting 
 
No signs of interfacial melting were discovered during experimentation. 
 
7.0 Conclusion 
 
  
It is concluded that the mechanism for ultrasonic weld formation a 
combination of plastic deformation, mechanical interlocking, and acoustic 
softening.  It is further concluded that ultrasonic welding of Cu110 sheet to silver 
immersion laminate circuit boards, as means of electrical termination is a robust 
process.   
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Appendix A: Power Data 
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Appendix B: EDS Analysis 
Parent material: Electroless Cu 
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No Traces of Ni Second Series of Analysis 
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Traces of Ni: First series of Analysis 
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# of Cycles # failed Modules  Test
# failed Modules   
control Cause of Failure Total # Failed Comments
100 1 0 Component A 1
150 0 0 0
250 1 0 Component A 2
400 1 3 Control (1 low E, 2 Component A)   Test(1 Low E)  6
Continued low E failures in 
Testing
600 5 6
Control:                                
1 low E                                  
3 Component B                      
2 Component A                      
Test:                                     
1 low E failure
17
The Test module previusly 
failed for low E passed 
after 600 cylces.  The 
Control module that 
previously failed for low E 
failed beacause of 
Component B
 
Appendix C: Thermal Shock  
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Appendix D: Halt Test 
 
 
HALT Testing of    
Test Vehicles  
 
 
 
 
 
Table 1 - Summary of Operating and Destruct Limits for the Test Vehicles 
 
Stress Type Chamber Setpoint Level 
Temp LOL -40°C 
Temp LDL <40°C 
Temp UOL 100°C 
Temp UDL >150°C 
Thermal Transitions -40 °C to 100 °C 
Vibration OL  40Grms 
Vibration DL 40Grms 
Combined OL -20°C, 40Grms :100°C, 40Grms 
Combined DL -20°C, 40Grms : >100°C, 40Grms 
Notes: 
1. All temperature and vibration values are chamber setpoints.  See Section 5 and the Appendix for 
product levels. 
2. LOL / LDL = Lower Operating / Destruct Limit.  UOL / UDL = Upper Operating / Destruct Limit.  
For vibration there is an upper limit only. 
3. Operating Limit is defined as the point at which the product is still fully functional but when the 
applied stress is increased, the product is no longer functional. 
4. Destruct Limit is defined as the point at which the product still returns to full operation when the 
applied stress is decreased to within the operating limit but when the applied stress is increased the 
unit fails to return to operation when the applied stress is returned to within the operating limit. 
5. When the limit is preceded by a “>” or “<” sign it indicates that we stopped prior to a failure, either 
because of a limitation of the chamber, the test setup, or per customer request. 
6. The limits shown are the worst case limits.  In other words, the limits for the product that had the 
lowest limits of all units tested under that stress.  These limits reflect the product limits before any 
modifications. 
 
 
HALT Process 
 
 Thermal stress step test began at ambient (defined as 20 °C). 
 The modules are operating at 48Vin nominal load (30A) each, at the start of test. 
 The temp step increments are 10°C. 
 The vibration step increments are 5 Grms. 
 The dwell time at each interval is ten (10) minutes. 
 All modules are functionally tested after each 10 minute dwell. 
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Product Identifiers and Date of Receipt 
 
The serial numbers of the units subjected to the HALT process and the dates these units 
were put into test are shown in Table 2. 
 
Table 2 - Product Identifiers  
 
Set # Model Number Date Put into test 
1 Control 1 11/9/00 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
Control 2 
Control 3 
Control 4 
Control 5 
Control 6 
Control 7 
Control 8 
Control 9 
Control 10 
Control 11 
Control 12 
Test1 
Test 2 
Test 3 
Test 4 
Test 5 
Test 6 
Test 7 
Test 8 
Test 9 
Test 10 
Test 11 
Test 12 
11/9/00 
11/9/00 
11/9/00 
11/9/00 
11/9/00 
11/9/00 
11/9/00 
11/15/00 
11/15/00 
11/15/00 
11/15/00 
11/15/00 
11/15/00 
11/15/00 
11/15/00 
11/17/00 
11/17/00 
11/17/00 
11/17/00 
11/17/00 
11/17/00 
11/17/00 
11/17/00 
 
 
 
Fixturing and Airflow 
 
 
The product was tested two (2) units at a time.  Air from the chamber plenum was 
directed onto the unit with one 4-inch diameter flexible aluminum duct.  The ducting 
maximized thermal transition and helped maintain consistent temperatures on all 
components inside the test unit.  The unit was also spaced off the vibration table with 
aluminum channels for thermal and vibration testing to permit sufficient air circulation 
under the product.  The unit was clamped to the table for vibration testing with four (4) 
aluminum channels and four threaded rods.  The fixturing was designed to maximize the 
transmission of energy from the vibration table to the product.   
 
 
  
112
 
Description of Test Equipment 
 
 
Table 3- Test Equipment 
 
Description Manufacturer Model S/N Cal Due 
Test Chamber QualMark OVS 2.5e   
Chamber Thermocouples Omega C03-T-60  N/A 
Electronic Load HP 6050A 3211A02179 N/A 
Power Supply HP 6032A US38320441 N/A 
Accelerometer - Control Dytran 3030B5   
Accelerometer Dytran 3030B5   
Accelerometer PCB V353B13/L   
Accelerometer PCB V320B13/005L   
Accelerometer PCB V320B13/L   
     
     
 
 
 
 
Data Collection 
 
Thermocouples were attached to the baseplate of the module under test using Epo-Tec 
930-4  thermally conductive adhesive.  The thermocouples remained in place throughout 
thermal step stress and rapid thermal transitions.  The product thermal response at each 
thermocouple location was recorded at each level of thermal stress. 
 
Accelerometers were placed at reference points on the product during vibration step 
stress.  The accelerometers were bonded to the product with Hardman Epoxy.  The 
product vibration response was recorded at each level of vibration stress.  All 
measurements are in Grms.  The location of the accelerometers and the axis that they 
were mounted in is recorded in Table 4C.   
 
Table 4A - Datalogger Channel Assignment 
 
Channel Type  Location or Description 
1 TC1 Next to OVS product TC(see table 4B) 
2 TC2 Next to Air TC (see table 4B) 
3 TC3 Center of Fixturing Plate 
4 TC4 Base Plate of Module 1 
5 TC5 Base Plate of Module 2 
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Table 4B - OVS Control System Thermocouple Placement 
 
Channel Placement 
Product (control) Center of Fixturing Plate 
Air At base of chamber plenum 
Eurotherm Two inches off front chamber wall (centered) 
 
Table 4C - Accelerometer Placement 
 
 
Notes: 
1. The Z-axis is the vertical axis, perpendicular to the vibration table. 
2. The Y-axis is the axis through the chamber doors. 
3. The X-axis is the axis through the chamber access door. 
 
 
Test Routine  
 
The modules were functionally tested by power cycling and checking the following line 
conditions: 
 
Test 
Sequenc
e 
Test Condition Actual Settings 
Step #1 Nom Line / Nom Load 48 Vin / 30 A 
Step #2 Nom Line / Full Load 48 Vin / 40 A 
Step #3 Nom Line / Half Load 48 Vin / 20 A 
Step #4 High Line / Nom Load 75 Vin / 30 A 
Step #5 High Line / Full Load 75 Vin / 40 A 
Step #6 High Line / Half Load   75 Vin / 20 A 
Step #7 Low Line / Nom Load 36 Vin / 30 A 
Step #8 Low Line / Full Load 36 Vin / 40 A 
Step #9 Low Line / Half Load 36 Vin / 20 A 
 
 
HALT Results:  Specification Test 
 
Thermal Step Stress 
 
The test unit was subjected to cold thermal step stress beginning at +20°C with the 
temperature decreasing in 10°C increments.  Once the thermocouples located on the units 
stabilized, the units dwelled at that setpoint for 10 minutes prior to functional testing.  
The unit was stabilized at +20°C after completion of cold thermal step stress and 
functional performance was verified.  Hot thermal step stress began at a setpoint 
temperature of +30°C with the temperature increasing in 10°C increments.  Once the 
thermocouples located on the units reached the setpoint temperature, the units dwelled at 
that setpoint for 10 minutes prior to functional testing.  The results of thermal testing are 
summarized in Table 5. 
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Table 5 - Thermal Step Stress Results 
 
1-12 (Control)  13-24  (Test) 
Setpoint °C Pass/Fail Temp°C  Pass/Fail Temp°C Notes 
0 Pass 27  Pass  23  
10 Pass 16  Pass 13  
0 Pass 7  Pass 3  
-10 Pass -1  Pass -5  
-20 Pass -12  Pass -15  
30 Pass 37  Pass 34  
40 Pass 46  Pass 44  
50 Pass 56  Pass  53  
60 Pass 65  Pass 63  
70 Pass 76  Pass 73  
80 Pass 85  Pass 83  
90 Pass 96  Pass 93  
100 Pass 106  Pass 103  
 
Rapid Thermal Transitions 
 
 
The device under test was subjected to five temperature cycles from -20°C to +100°C at 
an average thermal transition rate of 17.0°C per minute.  The average thermal transition rate is 
computed from the average transition of all the product temperature response thermocouples.  
The rate is computed through the center region of the entire transition, which discounts 20% at 
each end of the transition.  Air temperature limits were set to −100°C and +200°C to prevent 
excessive overshoot. 
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Table 6 - Rapid Thermal Stress Results 
 
 
1-12 (Control)  13-24 (Test) 
Setpoint °C Ramp Pass/Fail Temp°C Pass/Fail Temp°C N
o
t
e
s 
20 
 
 Pass 27 Pass 24  
Low Limit 
 
20.8°C/min Pass -12 Pass -15  
High Limit 
 
13.0°C/min Pass 103 Pass 103  
Low Limit 
 
18.6°C/min Pass -10 Pass -14  
High Limit 
 
14.5°C/min Pass 103 Pass 104  
Low Limit 
 
20.5°C/min Pass -11 Pass -15  
High Limit 
 
15.7°C/min Pass 104 Pass 103  
Low Limit 
 
18.1°C/min Pass -9 Pass -14  
High Limit 
 
13.9°C/min Pass 103 Pass 104  
Low Limit 
 
19.3°C/min Pass -10 Pass -14  
High Limit 
 
15.2°C/min Pass 104 Pass 103  
 
 
 
 
Vibration Step Stress 
 
 
The device under test was subjected to vibration step stress beginning at a setpoint of 5 
Grms with the vibration increasing in 5 Grms increments at 10 minute intervals.  When the 
setpoint reached 30 Grms, tickle vibration was incorporated to detect any failures that were 
precipitated at the higher Grms level and went undetected.  The results are summarized in Table7. 
 
 
 
 
 
 
 
 
 
 
  
116
 
 
Table 7 - Vibration Step Stress Results 
 
 
699326 (Control)  700690 (Test) 
Setpoint 
GRMs 
Pass/Fail Temp°C Module 
GRMs 
Pass/Fail Temp°C Module 
GRMs 
Product 
GRMs 
5 
 
Pass 27 15.2 Pass 23 11.2 4.8 
10 
 
Pass 27 28.2 Pass 23 18.1 11.2 
15 
 
Pass 27 33.5 Pass 23 22.5 14.9 
20 
 
Pass 25 40 Pass 23 32.1 21.2 
25 
 
Pass 26 48 Pass 23 39.2 24.3 
30 
 
Pass 27 N/A Pass 23 44.2 30.2 
5 
 
Pass 26 N/A Pass 23 9.8 4.8 
35 
 
Pass 27 N/A Pass 23 50.1 34.9 
5 
 
Pass 27 N/A Pass 23 10.2 5.2 
40 
 
Pass 26 N/A Pass 22 N/A 39.6 
5 
 
Pass 27 N/A Pass 22 N/A 5.3 
45 
 
Pass 28 N/A Pass 24 N/A 42.3 
5 
 
Pass 27 N/A Pass 23 N/A 5.1 
 
Note:  After 30 Grms the accelerometer to module # 1 came loss and was taken out of the chamber.  
After 40 Grms the accelerometer to unit # 2 came loss and was taken out of the chamber. 
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Combined Environment 
 
 
The test unit was subjected to temperature cycles from -10°C to +100°C at an average 
transition rate of 16.2°C per minute combined with vibration.  Vibration began at a 
setpoint of 8 Grms and was increased in 8 Grms increments at the end of each thermal 
cycle. 
 
 
Table 8 - Combined Environment Results  
 
1-12 (Control)  13-24 (Test) 
Setpoint°C  Setpoint 
GRMs 
Pass/Fail Temp°C Notes Pass/Fail Temp°C Notes 
Low Limit 8 Pass -12  Pass -16 Ramp   
12.2°C/mi
n 
High Limit 8 Pass 102  Pass 103 Ramp 
12.3°C/mi
n 
Low Limit 16 Pass -12  Pass -16 Ramp 
20.5°C/mi
n 
High Limit 16 Pass 101  Pass 104 Ramp 
13.7°C/mi
n 
Low Limit 24 Pass -11  Pass -15 Ramp 
21.1°C/mi
n 
High Limit 24 Pass 102  Pass 104 Ramp 
13.5°C/mi
n 
Low Limit 32 Pass -11  Pass -15 Ramp 
21.2°C/mi
n 
High Limit 32 Pass 103  Pass 104 Ramp 
13.3°C/mi
n 
Low Limit 40 Pass -10  Pass -16 Ramp 
21.1°C/mi
n 
High Limit 40 Pass 105  Pass 104 Ramp 
12.9°C/mi
n 
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HALT Results:  Operation & Destruct Test 
 
Thermal Step Stress 
 
The test unit was subjected to cold thermal step stress exceeding Vicor specification 
operation range.  The test continued from the limits used during the specification phase of 
testing, beginning at -40°C with the temperature decreasing in 10°C increments.  Once 
the thermocouples located on the units stabilized, the units dwelled at that setpoint for 10 
minutes prior to functional testing.  The unit was stabilized at +20°C after completion of 
cold thermal step stress and functional performance was verified.  Hot thermal step stress 
began at a setpoint temperature of +110°C with the temperature increasing in 10°C 
increments.  Once the thermocouples located on the units reached the setpoint 
temperature, the units dwelled at that setpoint for 10 minutes prior to functional testing.  
Temperatures over 110°C should activate the over temperature protection circuit (OTP).  
A unit is recorded as having passed at these temperatures if it shuts down to protect itself, 
and recovers when temperatures have returned to safe levels. The results of thermal 
testing are summarized in Table 10. 
 
Table 10- Thermal Step Test 
 
699326 (Control)  700690 (Test) 
Setpoint °C Pass/Fail Temp°C Notes Pass/Fail Temp°C Notes 
-20 
 
Pass -11  Pass -15  
-30 
 
Pass -22  Pass  -25  
-40 
 
Pass -30  Pass -35  
-45 
 
Pass -35  Pass -40  
       
90 
 
Pass 92  Pass 94  
100 
 
Pass 103  Pass 104  
110 
 
Pass / Failure 111 1 Pass / 
Failure 
113 1 
120 
 
Failed - OTP 
118°C 
118 All 
Recovered 
@ 111°C 
Failed - 
OTP 
120°C 
120 All 
Recovered @ 
110°C 
130 
 
Failed - OTP 
119°C 
126 All 
Recovered 
@ 114°C 
Failed - 
OTP 
120°C 
130 All 
Recovered @ 
111°C 
  
Note:  1) The output voltage and the load was fluctuating on and off on all the lines tested during the power 
cycle 
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Destruct Limits 
 
The test unit was subjected to cold thermal step stress exceeding Vicor specification operation 
range.  The test continued from the limits used during the specification phase of testing, 
beginning at -20°C with the temperature decreasing in 10°C increments. Once the thermocouples 
located on the units stabilized, the units dwelled at that setpoint for 10 minutes prior to functional 
testing.  The unit was stabilized at +20°C after completion of cold thermal step stress and 
functional performance was verified.  Hot thermal step stress began at a setpoint temperature of 
+90°C with the temperature increasing in 10°C increments.  Once the thermocouples located on 
the units reached the setpoint temperature, the units dwelled at that setpoint for 10 minutes prior 
to functional testing.  Temperatures over 110°C should activate the over temperature protection 
circuit (OTP).  A unit is recorded as having passed at these temperatures if it shuts down to 
protect itself, and recovers when temperatures have returned to safe levels. The test unit was also 
subjected to vibration that started  with 5 Grms at the beginning of each dwell time.  The 
vibration was increased in 5 Grms increments every minute until the unit reached 45 Grms.  Once 
the unit reached 45 Grms the power cycle was started and by the end of the power cycle the ten 
minute dwell was over. The results of thermal testing are summarized in Table 11. 
 
Table 11- Destruct Limits 
 
1-12 (Control)  13-14 700690 (Test) 
Setpoint °C Setpoint 
GRMs 
Pass/Fail Temp°C Notes Pass/Fail Temp°C Notes 
20 5-45 Pass 29  Pass 24  
10 5-45 Pass 19  Pass 13  
0 5-45 Pass 10  Pass  4  
-10 5-45 Pass 0  Pass -5  
-20 5-45 Pass -11  Pass -18  
-30 5-45 Pass -19  Pass -25  
-40 5-45 Pass -28  Pass -34  
-45 5-45 Pass -34  Pass -42  
        
90 5-45 Pass 97  Pass 93  
100 5-45 Pass 108  Pass 104  
110 5-45 Failed 115 1 Failed 112 1 
120 
 
5-45 1,6,7,8,3,-
Failed - OTP 
116°C 
121 All 
Recovered 
@ 106°C 
13,15,16,18,2
1,22,24Failed 
- OTP 
106°C 
120 All 
Recovered 
@ 113°C 
130 
 
5-45 5,2,10.12-
Failed - OTP 
111°C 
128 All 
Recovered 
@ 113°C 
12,17,19,21,2
3Failed - OTP 
116°C 
130 All 
Recovered 
@ 114°C 
-45 
 
5-45 Pass -31  Pass -41  
130 
 
5-45 7,5,2,Failed - 
OTP 
113°C 
125 All 
Recovered 
@ 114°C 
22, 24 Failed - 
OTP 
109°C 
130 All 
Recovered 
@ 75°C 
-45 
 
5-45 Failed  -38  Pass -40  
130 
 
5-45 2,2,4 Dead   17,18,Failed 48  
 
